SA. Distinct protein degradation profiles are induced by different disuse models of skeletal muscle atrophy.
SKELETAL MUSCLE ATROPHY IS induced in a variety of diseases (diabetes mellitus, cancer, acquired immunodeficiency syndrome, sepsis, and chronic obstructive pulmonary disease), following trauma (denervation and tendon injury), after prolonged immobility (casting and extended bed rest), after extended unloading (microgravity), or as a natural progression of aging. Four broad categories of muscle wasting diseases have been described, including denervation-induced atrophy, disuse atrophy as a result of immobilization, unloading-induced atrophy as a result of prolonged bed rest, and spaceflight and chronic disease-induced cachexia (23) . In these diverse conditions, atrophy is characterized by the loss of muscle mass through increased activity of the various protein degradation pathways.
To study the molecular and biochemical changes that occur during muscle atrophy, animal models of muscle atrophy have been developed that mimic many characteristics of muscle loss in humans. Many models, both preclinical and clinical, have been characterized using microarray technologies to uncover the underlying molecular changes that accompany atrophy in skeletal muscles. Some of these studies identified a common transcriptional set of genes termed atrogenes that leads to increased rates of protein degradation during muscle atrophy (37) . While most cellular protein degradation is mediated through four major pathways, including calcium-dependent cysteine proteases (calpains) (9) , cysteine-aspartic acid proteases (caspases) (16, 50) , lysosomal cysteine proteases (cathepsins) (3) , and ubiquitin-mediated proteasome activity (30) , many studies suggest a significant role for ubiquitin-mediated protein degradation in muscle atrophy. Two of the most highly regulated genes during muscle atrophy are the muscle-specific ubiquitin ligases Fbxo32 and Trim63, commonly referred to as atrogin-1/MAFbx and MuRF-1, respectively (5, 12, 49, 68) . Loss of Fbox32/atrogin-1 or Trim63/MuRF-1 attenuate muscle loss induced by denervation (5, 24) , and Trim63/MuRF-1 knockout mice are less susceptible to amino-acid deprivationinduced atrophy (34) .
Two orthopedically relevant models of muscle atrophy, immobilization induced by casting and unloading induced by tenotomy, have been developed. These represent improved preclinical models that may more accurately reflect conditions observed in human populations. Unlike other models of muscle atrophy, these two models have not been extensively characterized by molecular profiling. Therefore, the primary goal of this study was to identify a common set of genes regulated during different models of muscle atrophy and determine if skeletal muscle atrophy induced by immobilization due to casting or by unloading due to tendon resection follow the same molecular mechanisms.
MATERIAL AND METHODS
Animals. All animal protocols were approved by the Institutional Animal Care and Use Committee of Wyeth Research, Cambridge, MA, and were conducted in accordance with the Association for the Assessment and Accreditation of Laboratory Animal Care. Muscle atrophy was induced through unloading by tendon laceration (tenotomy) and immobilization induced by hindlimb casting. For the tenotomy, 8-wk-old male C57Bl/6 mice were anesthetized by ether inhalation and subsequently intramuscularly injected with 0.1 ml/g ketamine-xylazine. The right Achilles tendon just proximal to the calcaneus was cut with a sterile scalpel. The mice were allowed to recover and move freely about their cage. An additional cohort of animals was sham-operated, which involved isolation and manipulation of the Achilles tendon without laceration. For immobilization, the entire right hindlimb of 8-wk-old male C57Bl/6 mice were casted using a layer of gauze padding wrapped in fiberglass tape. The foot was held in a neutral position to ensure the gastrocnemius, soleus, and plantaris muscles were not loaded during the period of casting. Muscle atrophy was also induced through administration of glucocorticoid or by blocking neuromuscular signaling through injection of botulinum toxin A (Botox). Glucocorticoid treatments were performed through subcutaneous implantation of a pellet containing 5 mg dexamethasone. Pellets were designed for a 21-day continuous release (Innovative Research of America, Sarasota, FL). Botox (20 pg; Sigma, St. Louis, MO) or saline was administered by intramuscular injection directly into the right quadriceps muscle. For all studies, animals were killed after 2, 7, or 14 days. The left and right gastrocnemius muscles were carefully removed, weighed, flash-frozen in liquid nitrogen, and stored at Ϫ80°C. Gastrocnemius wet weights were determined and paired t-tests between injured and contralateral controls (tenotomy and casted animals) or unpaired t-tests between treated and control (Botox-and glucocorticoid-treated animals) were performed.
RNA preparation and hybridization. RNA extraction, isolation, and labeling were performed as previously described (29) . cRNA (10 g) was fragmented and hybridized to GeneChip® Mouse Genome 430 2.0 arrays according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). For each array, all probe sets were normalized to a mean signal intensity value of 100. The default GeneChip Operating Software statistical values were used for all analyses. Raw data can be found in the Gene Expression Omnibus repository under accession number GSE25908 (http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?accϭGSE25908).
Identification of differentially expressed genes. Expression values for all probe sets were subjected to locally weighted scatter-plot smoothing (LOWESS) transformation. Correlation analyses and hierarchical clustering verified that all replicas had similar expression patterns. Only transcripts that were expressed over 20 signal units in 80% of the samples in at least one group were used for further analyses. For each model, expression values were log2 transformed and a two-way analysis of variance (ANOVA) was performed. Transcripts were considered to be regulated if the P value based on two-way ANOVA analyses using time and treatment parameters and evaluating treatment was Ͻ0.01 and the fold change between any two groups was Ͼ1.5.
Identification of significantly regulated gene sets. Significantly regulated biological pathways were identified using a modified version of the SigPathway algorithm (8) incorporating a modified normalization routine and using gene sets defined by the Molecular Signatures Database (60) . A gene set was considered significant when q1 Յ 0.05 and q2 Յ 0.05 where q1 or q2 are the permutation-based false-discovery rates for the Q1 or Q2 hypotheses (see Ref. 62 for explanation of Q1 and Q2).
RT-PCR. Candidate gene expression was confirmed by realtime quantitative RT-PCR using primer/probe sets from Applied Biosystems (Foster City, CA) and a custom-derived 384-well micro fluidic card (Applied Biosystems) containing assays for Ctsk
, and Capn2 (Mm00486669_m1), and normalized to four endogenous control genes Gapdh (Hs02758991_g1), Gusb (Mm03003537_s1), Polr2a (Rn01752026_m1), and 18s (Hs99999901_s1).
Histology. Tissue samples were flash-frozen and sectioned for histochemical analysis. Muscle serial cross-sections (10 m) were cut and stained with Alexa 555-conjugated wheat germ agglutinin (Invitrogen, Carlsbad, CA) to stain membrane-bound and extracellular sialic acid and N-acetylglucosaminyl residues. Stained sections were examined using an Eclipse E8000M light microscope (Nikon, Melville, NY) coupled to an Axiocam HRc ultra highresolution color charge-coupled device camera (Carl Zeiss, Thornwood, NY). Muscle fiber types were identified by immunohistochemical analyses using antibodies for myosin heavy chain I and myosin heavy chain II purified from the mouse hybridoma cell lines BA-F8 and SC-75 (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) and Alexa 488-conjugated goat antimouse IgG or IgM (Invitrogen). Fiber area was determined from captured images using the Image-J software (National Institutes of Health, http://rsb.info.nih.gov/ij/). The total area of three distinct sections from three distinct animals were analyzed at ϫ4 magnification. Between 2,000 and 6,000 individual fibers were used in the calculations.
Proteasome proteolytic activity assay. Skeletal muscle lysates for cathepsin and proteasome proteolytic activity assays were prepared using a motorized Dounce homogenizer in three volumes of ice-cold buffer (20 mM Tris, 1 mM EDTA, 1 mM EGTA, 1% glycerol, and 2 mM DTT). Homogenized samples were centrifuged at 13,000 g for 30 min at 4°C. Proteasome activity was measured in the isolated supernatants and cathepsin activity was measured in the pellets as described in the following section.
Cathepsin activity assay. Pellets of homogenized skeletal muscle tissues were resuspended in 2 volumes of lysis buffer (50 mM sodium acetate, pH 5.0, 200 mM NaCl, and 0.1% Triton-X100), sonicated, and centrifuged at 13,000 g for 30 min at 4°C. Supernatants were stored at Ϫ80°C. Total protein content in the supernatants was determined using a DC protein assay (Bio-Rad, Hercules, CA). Total cathepsin activity was measured using 10 mM omni-cathepsin fluorogenic substrate (benzyloxycarbonyl-Phe-Arg-AMC; Enzo Life Sciences, New York, NY) and 50 g of protein extract as previously described (53) . Fluorescence was monitored at excitation and emission wavelengths of 380 nm and 460 nm, respectively, every 5 min for 15 min at 37°C. Negative controls were performed in the presence of 5 mM E64 (Sigma). Rates of cleavage were calculated based on the amount of AMC peptide cleavage, derived from a standard curve of free AMC, per mg of protein per hour.
Proteasome activity assay. The chymotrypsin-like activity of the 20S proteosome was measured by cleavage of a fluorescent substrate, succinyl-Leu-Leu-Val-Tyr-AMC peptide (Millipore, Billerica, MA), using 1 g total protein in the presence of 0.05% SDS as previously described (26, 63) . Fluorescence was monitored at excitation and emission wavelengths of 380 nm and 460 nm, respectively, for 60 min at 37°C. Negative controls were performed in the presence of lactacystin. Activity was calculated based on the amount of peptide cleavage, derived from a standard curve, per mg of protein per minute.
Matrix metalloproteinase 2 activity assay. Matrix metalloproteinase 2 (MMP2) activity was measured using the Biotrak MMP2 activity assay system (GE Healthcare, Piscataway, NJ). Flash-frozen skeletal muscle tissues were homogenized into powders with a dry, ice-cooled mortar and pestle. Five volumes of protein extraction buffer (50 mM HEPES, pH 7.5, 25 mM NaCl, 5 mM CaCl2, and 0.005% Brij-35) without EDTA or EGTA containing a protease inhibitor cocktail (Sigma) were added. Samples were rotated at 4°C for 30 min before centrifugation at 13,000 g for 30 min at 4°C. The supernatants were collected, aliquoted, and stored at Ϫ80°C. Protein concentrations were determined by bicinchoninic acid assays (Pierce, Rockford, IL). Active MMP2 and pro-MMP2 (inactive) levels were measured in tissue homogenates following the manufacturer's instructions. Reactions were incubated for 6 to 8 h before MMP2 levels were measured. Pro-MMP2 was activated using p-aminophenylmercuric acetate (APMA). Active MMP2 was measured in the absence of APMA. The concentrations of active MMP2 were interpolated from standard curves and were normalized to the protein concentration of each sample.
RESULTS
Animal models. Gastrocnemius muscle weights decreased in two clinically relevant animal models of muscle disuse atrophy: hindlimb casting and tenotomy (Fig. 1) . Two weeks after injury or immobilization, both tenotomy and casting resulted in decreased gastrocnemius muscle weights of ϳ20% compared with their respective contralateral controls (27.2 Ϯ 4.7%, P Ͻ 1.3 ϫ 10 Ϫ7 and 23.7 Ϯ 8.7%, P Ͻ 0.00089 for tenotomy and casting, respectively) on day 14. While comparable muscle weight decreases were observed in both models on day 14, the rate of muscle weight loss differed. After 2 days, muscle weight from cast-immobilized animals decreased by 7.5 Ϯ 6.9% (P Ͻ 0.003), while muscle weight from tenotomy-treated animals were not significantly different (Fig. 1) . Our studies included 8-wk-old animals and the cohort of animals in the cast-immobilized group were still actively growing, while the cohort of animals in the tenotomy-treated animals were not. By day 14, contralateral control muscle weights from the castimmobilized animals increased by 15.3 Ϯ 8.3% (P Ͻ 0.001, compared with the same animal at day 0), while muscle weights from contralateral control muscles from tenotomytreated animals did not change significantly. However, the differences in the contralateral control muscle weight is independent of treatment (cast-immobilization or tenotomy) as muscle weights from the contralateral control in either the cast-immobilized animals or the tenotomy-treated animals were not significantly different from their respective cagecontrol animals. To control for growth and other animal-toanimal variability, comparisons, when applicable, were performed with contralateral limbs for controls.
Microscopic evaluation ( Fig. 1 ) of the muscles indicated that the loss of muscle mass was associated with a decrease in the size of muscle fibers and increased interstitial space in both atrophy models. Histomorphometric analysis showed a decrease in muscle fiber size suggesting that the active atrophy, and not a lack of growth resulted in decreased muscle size. By day 14, the mean fiber size in gastrocnemius muscles decreased 58% (P Ͻ 0.00001) and 60% (P Ͻ 0.00001; Fig. 1 , B and C) compared with the contralateral limb in the cast-immobilized and tenotomy-treated muscles, respectively.
Fiber type switching. Microscopic evaluation of gastrocnemius muscles (n ϭ 3) revealed that the muscles consisted primarily of type II fibers with very little, if any, type I fibers. After injury, the ratio of type II to type I fibers did not change (data not shown). However, atrophied muscles had lower mRNA expression levels of type I slow-twitch muscle markers. Most changes in muscle-marker gene expression in the castimmobilized muscles were evident by day 7 with the largest differences seen by day 14. In contrast, the largest changes in muscle-marker expression in the tenotomy-treated muscles were seen by day 2 and returned to near control levels by day 14. Muscles from both cast-immobilized and tenotomy-treated limbs had reduced transcript levels for the slow-twitch muscle marker myosin heavy chain isoform I (Myh7; 0.6-fold by day 14, and 0.2-fold at day 2, respectively; Table 1 ). The transcript levels for a number of other slow-twitch muscle markers, including troponin I (Tnni1), troponin C (Tnnc), troponin T1 (Tnnt1), myosin light chain 2 (Myl2), and myosin light chain 3 (Myl3 ; Table 1 ), had reduced expression in both cast-immobilized and tenotomy-treated muscles. There was no change in expression of any of the fast-twitch myosin heavy chain genes (Myh1, Myh2, or Myh4), any type II troponin genes (Tnni2, Tnnc2, or Tnnt3), or the type II myosin light chain gene Myl1 (Table 1) . These findings are likely due to high levels of expression that were above the dynamic range of this assay.
Muscle regulatory factors. Casting-induced atrophy did not regulate any of the known muscle regulatory factors, such as Myog, Myod1, Myf6, and Myf5. In contrast, tenotomy treatment increased Myog expression ϳ3.5-fold by day 2 postinjury, which then returned to near control levels by day 7. Tenotomy also induced a small, but significant, increase in expression of Myf6 on day 2 and day 14 ( Table 1) .
Gene expression changes. Genome-wide expression profiling identified 8,285 unique regulated transcripts between casted-immobilized and tenotomy treated limbs (ANOVA P Ͻ 0.01, fold change Ͼ1.5). Of these, 2,429 (1,301 up-and 1,128 downregulated) transcripts were regulated in the cast-immobilized muscles and 6,937 (3,543 up-and 3,394 downregulated) transcripts were regulated in the tenotomy-treated muscles (Tables 1 and 2 , Fig. 2 ). The changes in gene expression in the tenotomy-treated animals were largely independent of the surgical procedure. Only 109 of the 6,937 (Ͻ1.6%) transcripts regulated in tenotomy-treated muscles were also regulated in sham-operated control muscles, and only 75 (Ͻ1.1%) were similarly induced or repressed in the treated and Fig. 2) with only 700 regulated in the same direction. Pathway analysis. The 700 regulated transcripts that were common to both models were functionally annotated using the DAVID bioinformatics resources to identify enriched biological themes (13, 25) . This analysis suggested that both castimmobilization and tenotomy treatments resulted in decreased expression of myofibril genes, mitochondria-related genes, and genes involved in metabolic processes (glycolysis and amino acid metabolism), and increased expression of genes in the proteasomal protein degradation pathway. Using a more global pathway analysis tool, SigPathway (8), we identified 1,761 previously defined gene sets representing common biological pathways that were regulated in a least one time point in either model of muscle atrophy (Table 3) . Consistent with other models of muscle atrophy, genes involved in energy production and mitochondrial functions were down regulated in both models. The major program for protein degradation, the proteasome, was regulated more significantly in the cast-immobilized muscles than in the tenotomy-treated muscles, while genes associated with lysosome functions were selectively regulated in the tenotomy-treated muscles. Furthermore, genes involved in inflammation and the extracellular matrix were selectively increased in the tenotomy-treated muscles.
Protein degradation. Casting-and tenotomy-induced muscle atrophy both regulated distinct sets of genes involved in multiple protein degradation pathways. Tenotomy induced expression of genes involved in calpain (Capn2), cathepsin (CtsK), caspase (Casp3), lysosome (Laptm5), and matrix-degradation (Mmp2) activities (Fig. 3) . In contrast, the ubiquitinmediated protein degradation pathway, as measured by Fbxo32/atrogin-1 and Trim63/MuRF1 expression, was regulated only in the casting model (Fig. 3) . A custom TaqMan low density array was used to confirm the regulation of 44 individual genes by RT-PCR. These genes were selected because they were deemed to be biologically relevant and represent markers of distinct protein degradation pathways. All genes had comparable expression patterns in both RT-PCR and microarray analyses (Fig. 3) .
Since these two atrophy models regulated distinct sets of genes involved in various protein degradation pathways, we examined whether other models of muscle atrophy also differentially regulated these protein degradation pathways. Two additional muscle atrophy models, denervation induced by Botox injection and cachexia induced by glucocorticoid treatment, resulted in comparable loss of muscle mass as seen in the casted and tenotomy models (Fig. 4A) . However, these models showed regulation of different genes involved in protein degradation. Botox injection and glucocorticoid treatment induced expression of Fbox32/atrogin-1 and Trim63/MuRF1 seven-to 10-fold compared with the three-to fourfold increase seen in the casting model and the relatively minor increase in expression following tendon laceration (Fig. 4, B and C) . In contrast, the lysosomal marker cathepsin K and the matrix degradation marker Mmp13 were only significantly regulated following tendon laceration (Fig. 4, E and F) . The apoptosis marker Casp3 was regulated only in the Botox-and tenotomy-treated animals (Fig. 4D) .
mRNA expression of Fbxo32/atrogin-1 and Trim63/Murf-1 is induced early during many models of muscle atrophy and returns to near baseline levels after 2 wk. Since high-level induction of Fbxo32/atrogin-1 and Trim63/Murf-1 was not seen 2 days after tenotomy, we explored earlier time points to determine if these genes were induced in the tenotomy model. Neither Fbxo32/atrogin-1 nor Trim63/Murf-1 expression was significantly regulated at 1, 2, or 3 days following tenotomyinduced muscle atrophy (Fig. 4, G and H) . Protease activity. Gene expression profiling suggested a significant difference in proteolytic activity between the casting and tenotomy atrophy models. While differential gene expression is suggestive, protein activity does not always correlate with changes in mRNA expression. Therefore, it was important to confirm whether the gene expression changes correlated with changes in proteolytic activities.
Lysosomal activity. The role of the lysosome was evaluated by monitoring cathepsin activity using a pan-cathepsin peptide substrate cleavage assay. Activity increased more dramatically in gastrocnemius muscles from the tenotomy-treated animals than in the gastrocnemius muscles from the cast-immobilized animals. In the tenotomy-treated muscles, the rate of cleavage increased 3.2-fold (P Ͻ 3.2 ϫ 10
Ϫ8
), while the rate of cleavage increased only 1.6-fold (P Ͻ 1.3 ϫ 10
) in the cast-immobilized muscles (Fig. 5A) . Therefore, there was a twofold increase in lysosomal activity in tenotomy vs. cast-immobilized animals. Greater than 95% of the cathepsin activity was blocked by the Ca 2ϩ -dependent cathepsin inhibitor E64, indicating that the activity was specific (data not shown). Lysosome activity did not change significantly in the sham-operated animals.
Proteasome activity. Using the fluorogenic peptide substrate LLVY-AMC to measure 20S proteasome activity, we found that muscle extracts from cast-immobilized animals had a 5.2-fold increase (P Ͻ 0.008) in activity over extracts from the respective contralateral control muscles. Similarly, muscle extracts from tenotomy-treated muscles had a 4.1-fold increase (P Ͻ 0.01) in proteasome activity, while no significant increase in activity was observed from the sham-operated animals (Fig.  5B) . All activity was blocked by the proteasome inhibitor lactacystin (data not shown).
MMP activity. MMP2 activity increased only in muscles from tenotomy-treated animals. Tenotomy treatment increased the endogenous active MMP2 an average of 7.1-fold (P Ͻ 0.00098) over the limit of detection, while no endogenous active MMP2 was detected in muscles from cast-immobilized animals (Fig. 5C ). In control muscles from both models, active MMP2 levels were close or below the level of detection for this assay, but total MMP2 levels (pro-and active MMP2) were similar. Control muscles from tenotomy-treated animals had an Fig. 2 . Expression of differentially expressed transcripts following induced muscle atrophy. A: the number of genes regulated during casting-induced muscle atrophy or tenotomy-induced muscle atrophy. B: the overlap of genes regulated between casting-and tenotomyinduced muscle atrophy. C: transcripts (8,285) with Ն 1.5-fold changes (P Ͻ 0.01) in expression in either casting-and/or tenotomy-induced muscle atrophy models were hierarchically ordered and visualized in GeneData Expressionists. For each gene, relatively high expression levels are shown in red and relatively low expression levels are shown in blue. average of 241 Ϯ 64.5 pg total MMP2 per mg of protein and control muscles from cast-immobilized animals had an average of 227 Ϯ 134 pg total MMP2 per mg of protein.
DISCUSSION
In this study, we evaluated two relevant orthopedic models of skeletal muscle atrophy, casting and tenotomy, through the use of genome-wide expression profiling. While numerous studies have used expression profiling to identify molecular mechanisms of muscle atrophy (1, 2, 6, 7, 10, 21, 22, 27, 28, 31, 32, 37, 42-44, 49, 51, 55, 58, 65-67) , this is one of the first studies to characterize the global transcriptional response of muscle atrophy induced by casting or by tenotomy.
Since muscle mass is a balance between anabolic protein synthesis and catabolic protein degradation, changes in mass can be caused by increases in catabolic signaling, decreases in anabolic signaling, or both. Like previous studies, we observed a significant decrease in expression of genes involved in energy production and carbohydrate metabolism concordant with an upregulation of genes involved in protein degradation and metabolism. However, the magnitude and the number of gene transcripts regulated between the cast-immobilization and tenotomy-treated animals suggest some distinct modes of action. Atrophy induced by tenotomy increased expression of MMP genes and genes involved in the lysosomal degradation pathway, while atrophy induced by casting up-regulated genes involved in the proteasome-mediated degradation pathway.
Pathological mechanism of action. Casting and tenotomy resulted in distinct biophysical properties of the muscle. Tenotomy releases all load, results in muscle shortening and nerve damage, and prevents contraction of the muscle fibers through elimination of both passive and active stretch. Tendons begin to heal quickly and after 2 days have formed a repair site bridging the defect. The tendon repair tissue is of inferior structure and the muscle remained contracted during the time course of this study. As the tendon heals, the load increases, yet it remains significantly less than in the control animals. In contrast, casting does not affect muscle length and maintains passive tension and a constant load. These differences, which result in similar muscle loss, suggest that different mechanisms may be involved.
Characterization of other muscle atrophy models suggests a common transcriptional program during muscle atrophy (37) , and therefore, we were surprised to see such marked differences in cast-immobilized and tenotomy-treated animals. The transcriptional differences may be related to differences in biophysical properties. Therefore, we examined protein degradation marker genes in two additional models of muscle atrophy, Botox-and glucocorticoid-induced muscle atrophy. Additionally, given that both the proteasome and lysosome pathways were distinctively regulated between cast-immobilized and tenotomy-treated animals, we evaluated the relative roles of each pathway in the other atrophy models. Glucocorticoid treatment stimulates protein breakdown and inhibits protein synthesis without affecting muscle load, while Botox treatment inhibits neuromuscular function by blocking presynaptic release of the neurotransmitter acetylcholine at the neuromuscular junction resulting in reduced muscle load. Although muscle loss was similar in all four models examined, the expression repertoire and magnitude of genes from different protein degradation pathways activated by each of the four models of muscle atrophy were distinct, suggesting that multiple mechanisms lead to muscle atrophy and that all four atrophy models induce different transcriptional responses.
While we examined transcriptional effects due to acute trauma, the mechanisms of muscle atrophy due to chronic disease are likely different. Autophagy-related genes are induced in various chronic models of muscle wasting, including starvation, cancer-induced cachexia, diabetes, and uremia (37, 45) , but were not regulated in acute casting or tenotomy. Fbxo32/atrogin-1 and Trim63/Murf-1 are induced in many models of acute muscle atrophy, but are downregulated in aging-related muscle loss (17) and chronic spinal cord injury patients (40) and not regulated in sarcopenic human muscles (22) . Fbxo32/atrogin-1 and Trim63/Murf-1 are induced early and transiently in animal models of muscle atrophy and, therefore, may have a role during initiation of chronic disease.
Ubiquitin-mediated proteasome activation. The involvement of the ubiquitin-mediated proteasome pathway in muscle protein breakdown is well established and is initiated through two muscle-specific E3-ligases, Fbxo32/atrogin-1/ MAFbx and Trim63/Murf-1, whose mRNA levels increase dramatically in multiple models of muscle atrophy (5, 12, 14, 24, 36, 38, 39, 41) . In this study, Fbxo32/atrogin-1 and Trim63/Murf-1 were upregulated in the casting-, Botox-, and glucocorticoid-induced models of atrophy. However, there was little evidence of increased expression of either gene following tenotomy-induced atrophy. Expression of Fbxo32/atrogin-1 and Trim63/Murf-1 is transient and is induced early after induction of atrophy (54) . While we cannot rule out that the time points chosen for this study were not optimized for detection of Fbxo32/atrogin-1 and Trim63/Murf-1, the results suggest that these genes were not significantly induced during tenotomy-induced atrophy. Furthermore, the levels of Fbxo32/ atrogin-1 and Trim63/Murf-1 mRNA did not correlate with the level of muscle loss since losses were similar in all models examined. Another ubiquitin ligase, Cblb, is important for the activation of Fbxo32/atrogin-1 and can specifically degrade IRS1, a key regulator of skeletal muscle growth, which results in the inactivation of AKT1 and the up-regulation of Fbxo32/ atrogin-1 (48) . Consistent with the expression of Fbxo32/ atrogin-1 and Trim63/Murf-1, casting, but not tenotomy, increased Cblb mRNA expression.
While casting dramatically increased expression of genes in the ubiquitin-mediated protein degradation pathway, tenotomy also increased expression of many genes involved in proteasome-mediated degradation, albeit at a much lower level. Furthermore, atrophied muscles from both models showed increased proteasome activity, suggesting that ubiquitin-mediated protein degradation is an important component in both models. However, activation of the proteasome pathway likely occurs through different mechanisms since tenotomy treatment increased proteasome activity in the absence of increased Fbxo32/atrogin-1 and Trim63/Murf-1 mRNA expression.
Lysosomal pathway activation. While activation of ubiquitin-proteasome pathways plays a significant role in multiple types of muscle atrophy, the role of lysosomal activation is only beginning to be elucidated. Lysosome activation requires initiation of the autophagy program. Various myopathies have impaired autophagy-lysosomal pathways (3), and proper control of autophagy is important to maintain muscle mass (46) . Regulation of genes involved in the autophagy-lysosomal pathway has been seen in some experimental models of muscle atrophy (15, 37) , but these genes were not regulated in our casting model. In contrast, tenotomy-induced muscle atrophy induced expression of many lysosomal proteases, lysosomal glucosidases, and lysosomal lipases, while casting-induced atrophy did not regulate these genes (Table 1) . However, genes involved in autophagy regulation (Atg8 and Bnip3) were not significantly regulated or were comparably increased (Atg4) in casting-and tenotomy-induced atrophy.
Lysosomal proteolysis and the induction of many autophagy-related genes are dependent on the FOXO3 transcription factor (45, 69) . Muscle loss caused by denervation, starvation, or glucocorticoid treatment is also dependent on FOXO3 (55, 56) . Additionally, the FOXO transcription factors can stimulate transcription of Fbxo32/atrogin-1 and Trim63/ Murf-1 (56, 59) . Since FOXO3 is involved in both lysosomal and proteasomal dependent pathways, FOXO3 may be a key checkpoint regulator of proteolysis. The differential activity of FOXO3 could lead to the activation of the different protein degradation pathways induced by casting and tenotomy.
Activation of additional degradation pathways. While the proteasome and autophagy/lysosome pathways represent the major routes of proteolysis, we cannot rule out roles for other pathways, including the activity of calpains and caspases, both of which were regulated primarily during tenotomy-induced atrophy. Calpains remove myofilaments from the sarcomere through degradation of Z-band-associated proteins, which is important for muscle protein turnover since the proteasome does not degrade intact myofibrils (33) . Additionally, calpain inhibitors prevent sepsis-induced muscle proteolysis independently of Fbxo32/atrogin-1 and Trim63/Murf-1 expression (19) , suggesting that the calpain pathway is an important mediator of some muscle atrophy pathways.
Tenotomy-induced muscle atrophy induced the expression of a significant number of genes involved in inflammation. This induction is independent of the wound healing response because the tendon and the tendon repair site were removed from the muscle before analysis. Chronic inflammation may be a major contributor to age-related muscle wasting (11) , and proinflammatory signaling is required for muscle homeostasis (47) . Inhibition of inflammation through targeted ablation of Ikkb improves muscle physiology and protects against denervation-induced atrophy (47) . Interestingly, very few inflammation-related genes were induced early in the casting model. The presence of inflammatory markers seen on day 14 in the casting model was likely due to irritation as the skin under the cast was inflamed and irritated.
Recent studies suggest that MMPs play an important role in response to muscle injury and repair (57) and rats under long-term hindlimb suspension have increased MMP2 activity (52) . Our studies suggest that MMPs have differential activity in cast-immobilized and tenotomy-treated muscles. MMP2 is a zinc proteolytic enzyme that plays a role in the maintenance and structural integrity of the basal lamina (64) . Given the role of MMPs in extracellular remodeling, our data suggest that the atrophy induced by tenotomy is characterized by extensive degradation and remodeling of the extracellular matrix providing access for remolding of muscle tissue. A: total cathepsin activity in tenotomy-and casting-induced atrophy was measured in total muscle extracts. Error bars represent SD; n ϭ 8. B: proteasome activity in tenotomy-and casting-induced atrophy was measured in total muscle extracts. Error bars represent SD; n ϭ 8. C: MMP2 activity in tenotomy-and casting-induced atrophy was measured in total muscle extracts. Error bars represent standard error; n ϭ 10. *P Ͻ 1 ϫ 10
Ϫ7
and #P Ͻ 0.001 compared with the respective contralateral control limbs.
Conclusions
We extensively characterized the molecular progression of muscle atrophy in two different animal models. Our studies were performed with young, actively growing animals, and therefore, we cannot determine the exact contribution of passive (lack of growth) vs. active muscle atrophy. The activation of many known atrophy-related genes, decreased muscle fiber size, and lack of significant physiological differences in muscles from cage controls vs. muscles from contralateral controls suggests that the major effect is an active degradation process. In addition, Velcade, a proteasome inhibitor, can partially rescue unilateral casting-induced muscle loss in actively growing animals (35) . However, inhibition of growth may contribute to the overall changes in transcriptional profiles, and ongoing studies in older animals will help define the active degradation process.
Proteasome inhibition is effective at reducing muscle proteolysis (4, 18, 20, 61) and has been implicated as a possible therapeutic intervention for preventing muscle atrophy. However, our data suggests that inhibition of the proteasome may not prevent all types of muscle atrophy, and that alternative or multiple anticatabolic therapeutic interventions may be necessary for optimal treatment. While this study focused on understanding the mechanisms of catabolic activities on muscles, we have not yet addressed the role of anabolic responses in various models of atrophy. Therefore, we are currently exploring whether inducing an anabolic response would be beneficial in preventing muscle atrophy in multiple models.
